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FIGURE 12-1 Effector functions of antibodies. Antibodies against microbes (and their toxins, not shown here) neutralize these agents, 
opsonize them for phagocytosis, sensitize them for antibody-dependent cellular cytotoxicity, and activate the complement system. These various 
effector functions may be mediated by different antibody isotypes. 
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FIGURE 12-2 Neutralization of microbes and toxins by antibodies. A, Antibodies prevent the binding of microbes to cells and thus 
block the ability of the microbes to infect host cells. B, Antibodies inhibit the spread of microbes from an infected celi to an adjacent uninfected cell. 
C, Antibodies block the binding of toxins to cells and thus inhibit the pathologic effects of the toxins. 



Effector functions of antibodies: antibody- 
dependent cell-mediated cytotoxicity (ADCC) 
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FIGURE 14-15 



Antibody-dependent cell-mediated cytotoxicity (ADCC). 
Nonspecific cytotoxic cells are directed to specif ic target cells by binding 
to the Fc region of antibody bound to surface antigens on the target 
cells. Various substances (e.g., lytic enzymes, TNF f perforin, gran- 
zymes) secreted by the nonspecific cytotoxic cells then mediate target- 
cell clestruction. 






TABLE 12-3 


Fc Receptors 






FcR 


Affimty for Immunoglobulin 


Celi Distri bution 


Function 


ri j ni |UUOH| 


Hinh (\( , 1fT 9 Mi- hinHQ In R 1 anH InG^ 
myn i r\^j iu ivi], uiiiuo iyu i diiu lyuo, 

can bind monomeric IgG 


Ma prnnhanoc nontrnnhilc olcn 
IVId LI UUI Idy co, 1 IcU U Upil Ilo, dloU 

eosinophils 


r i idy UL.yiuoio, dLuvdiiuii ui piidy ui yieo 


FcyRMA (CD32) 


Low(K d > 1(T 7 M) 


Macrophages, neutrophils; 
eosinophils, platelets 


Phagocytosis; celi activation (inefficient) 


FcyRIlB (CD32) 


Low(K d > 10" 7 M) 


B lymphocytes 


Feedback inhibition of B cells 


FcyRHC (CD32) 


Low(K d > IO" 7 M) 


Macrophages, neutrophils, NK cells 


Phagocytosis, celi activation 


FcyRIIIA (CD16) 


Low(K d > 10 _6 M) 


NK cells 


Antibody-dependent cell-mediated cytotoxicity 


FcyRIHB (CD16) 


Low (K d > 1(T 6 M); GPI-linked protein 


Neutrophils 


Phagocytosis (inefficient) 


FceRI 


High (1^ > IO" 10 M); binds monomeric 1 g E 


Mast cells, basophils, eosinophils 


Celi activation (degranulation) 


FceRII (CD23) 


Low(K d >1(T 7 M| 


B lymphocytes, eosinophils, 
Langerhans cells 


Unknown 


FccxR (CD89) 


Low(K d > 10" e M) 


Neutrophils, eosinophils, monocytes 


Celi activation? 


GPI, glycophosphatidylinositol; NK r naturai killer. 
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Fc 7 RI 


FC7RIIA 


FC7RIIB 


FC7RIIC* 
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B cells 
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T cells 
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NK cells 






-t 


+ 


+ 




Monocytes/macrophages 






+/- 


+ 


+ 




Neutrophils 


(+) 


+ 


+/- 


+ 
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DCs 


+ 


+ 
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basopmis 
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T 






+/- 


Mast cells 


(+) 
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Eosinophils 
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Endothelium 














Intestinal epithelium 














Syncytiotrophoblasts 















+ indicates expression; (+), inducible expression; +/-, very low percentages or rare subsets express the receptor; -, no expression; and NA, not analyzed. 
*ln Fcgr2c-ORF persons. 9 

fDetectable and functional expression in nonconventional Fcgr2c-S\op persons. 9 
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Fig.l Fcy receptors in humans and mice. In humans and mice, Fcy receptor I (FcyRI) is the only high-affinity FcyR, while FcyRMB/ 
FcyRIlb is the only inhibitory receptor. Human FcyRs differ from mice in that there are four, rather than two, low-affinity activatory 
FcyRs. Human FcyRMA and FcyRMC signal directly through an immunoreceptor tyrosine-based activatory motif (ITAM), and human 
FcyRIIIB is linked to the membrane by a glycosylphosphatidylinositol (GPI) anchor. Most other activatory receptors (human and 
mouse), signal through the FcR common y-chain; human FcyRIIIA can also signal via the ^ chain. FcyRIIB/FcyRIlb contains an 
immunoreceptor tyrosine-based inhibitory motif (ITIM). 



FIGURE 7-5 Selected members of the 
immune receptor family. Four selected 
rnernbers of the immune receptor family are 
depicted. Typically, immune receptors that activate 
immune cells have separate chains for recognition 
and associated chains that contain cytosolic ITAMs. 
Examples shown here include the B celi receptor 
(BCR), the T celi receptor (TCR), and the high-affinity 
receptor for IgE (FccRI). Inhibitory receptors in the 
immune system typically have ITIM motifs on the 
cytosolic portion of the same chain that uses its 
extracellular domain for ligand recognition. The inhib- 
itory receptor shown, FcyRHB, is found on B cells 
and myeloid cells. 





Table 1. Fcy receptors, expression and ligands' 



Gene Receptor 
Human FC7RS 

FCGR1A FC7RIA 



FCGR2A 



FCGR2C 
FCGR3A 

FCGR3B 



FcyRMA 
FC7RIIA-H131 



FCGR2B FC7RIIB 



FC7RIIC 

FC7RIIIA 
Fc7Rllla-F158 

FC7RIIIB 
FC7RIIIB-NAI 



Distribution 



Monocytes, macrophages, 
neutrophils, eosinophils, dendritic cells 

Monocytes, macrophages, 
neutrophils, platelets, dendritic cells 

Monocytes, macrophages, B cells, 
neutrophils, basophils, mast cells, 
dendritic cells 

Naturai killer cells 

Monocytes, macrophages, naturai 
killer cells, dendritic cells 

Neutrophils, eosinophils, basophils 



Ligands 



lgG1 »>lgG3=lgG4=lgG2 

lgG1=lgG3»lgG2>lgG4 
Increased lgG2 binding 

lgG1>lgG3»lgG4>lgG2 



lgG1>lgG3»lgG4>lgG2 

lgG1 »lgG3=lgG2>lgG4 
Increased lgG3 binding 

lgG1=lgG3»lgG2=lgG4 
Increased lgG1 and lgG3 binding 



• Release of vasoactive substances 

• Release of chemoattractants 







• Release of chemoattractants 




• Release of cytotoxic substances 




• Phagocytosìs 





• Modulation of celi activation 

• Antigen presentation (T cells and B cells) 

• Regulation of penpheral tderance 



T^cell 
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prò- Infl ammatory 
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> 



CD4 4 Tcell 



— (L Activating , Inhibitory 



Bcell 

• Modulation of celi 
activation 

• Shaping the B-cell 
repertoire 



Plasma celi 

[ • Apoptosis 



Structure 



Subunrt 
composition 



FcyRI 

CD64 



y 2 a 



FcyRI IA 

CD32 



FcyRNB 

CD32 



r m 



FcyRIIIA 

CD16 




y 2 a p 



Y2 a 



FcyRNIB 

CD16 




a-GPI 



FceRI 



y 2 a P 



Y2 a 



FcaRI 

CD89 



Y2 « 



Ka 

Binding 
Specificity 



10 8 M " 1 

1. lgG1=lgG3 

2. lgG4 

3. lgG2 



2x10* M" 1 

1- lgG1 
2. lgG2=lgG3 
3. lgG4 



2x1 0 6 M" 1 

1lgG1 
2. lgG2=lgG3 
3. lgG4 



5x1 O^M 1 
1. lgG1=lgG3 



5x1 0 5 M" 1 
1. lgG1=lgG3 



2x1 0 5 M" 1 
1lgG1=lgG3 



10 10 M- 1 



10 10 M- 1 



5x1 0 7 M" 1 
lgA 2 =lgA2 
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Macrophages 
Neutrophils 
Eosinophils 

Dendritic Cells 



Macrophages 
Neutrophils 
Mast cells 
Eosinophils 
Platelets 

Dendritic Cells 



Macrophages 
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Mast cells 
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FDC 
B cells 



Mast cells 
Basophils 
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NK cells 
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Neutrophils 



Mast cells 
Basophils 
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Basophils 
Eosinophils 
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Dendritic Cells 
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Neutrophils 
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Class 
Function 



Activation 

-Inducible by 
inflammatory 
cytokines 
-Enhance effector 

responses at 
inflammatory sites 
-IC capturing by 
DC 



Activation 

-Effector celi 
activation 
by ICs, 
cytotoxic Ab 



Inhibrtion 

-Set threshold 
for effector celi 
activation by Fc 
-B celi 
repression 
-Maintain 
tolerance 



Activation 

-Dominant pathway for effector 
activation by igG 
-In vivo ADCC 
-Arthus reaction 
-IC capture by DC 
-IC mediated DC maturation 
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-Sink for IC 
-Focus IC to 

PMN 
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with FcyRIlA 
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(Type I) 
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caption by DC 



Activation 

-IgA binding 
-IgA activation 
of effector cells 



FIG. 24.1. Summary of Fc Receptor Structures, Expression Patterns, and in Vivo Functions. The immunoreceptor tyrosine-based activation motif signaling 
motif is indicateci by the green rectangle: the immunoreceptor tyrosine-based inhibitor motif is indicated as a red rectangle. Alleles of FcyRMA and FcyRNIB 
and their binding properties are discusseci in the text 



Table 1 

Overview of complement components and activating Fc^Rs required for development 
of autoimmune tissue injury in reviewed animai models. 



Human disease 


Animai model 


Complement 


Fc^Rs 






requirements 


involved 


Rheumatoid arthritis 


KxB/N serum 


IB, C3, C5, C5a 


Fc^RIIl, 




transfer 




Fc^RIV 




Anti-CII antibody 


fB, C3, C3a, C5, 


Fc^RIII 




transfer 


C5a, C6 




Anli-GBM 


Passive model 


C3.C4 




glomerulo-nephritis 


Accelerated model 


n 


Fc^RIV 




Attenuated passive 


C3 


Fc^Rs 




model 






Blistering diseases 


Anti-COL7 antibody 


fB, C5, C5a 


Fc^RIV 




transfer 








Anti-BP180 antibody 


Clq,C4, re,C3,C5, 


Fc^RIII 




transfer 


C5a 

























TABLE 12-8 Receptors for Fragments of C3 


Receptor 


Structure 


Ligands 


Celi Distribution 


Function 


Type 1 complement 
rprpntnr (CR1 


160-250 kD; multiple CCPRs 


C3b> C4b > iC3b 


Mononuclear phagocytes, 

npi itrnnhil<ì R anH T 

1 IOUU \J\i\ MIO, U ci 1 1 U 1 

cells, erythrocytes, 
eosinophils, FDCs 


Phagocytosis 

UltfdldllUc Ul IIMIIIUIIc UUIIIfJICACo 

Promotes dissociation of C3 convertases 
by acting as cofactor for cleavage of 
C3b, C4b 


Type 2 complement 
receptor (CR2, CD21) 


145 kD; multiple CCPRs 


C3d, C3dg > iC3b 


B lymphocytes, FDCs, 
nasopharyngeal 
epithelium 


Coreceptor for B celi activation 
Trapping of antigens in germinai centers 
Receptor for EBV 


Type 3 complement 
receptor (CR3, 
Mac-1,CD11bCD18) 


Integrin, with 165-kD a 
chain and 95-kD \M 
chain 


iC3b, ICAM-1;also 
binds microbes 


Mononuclear phagocytes, 
neutrophils, NK cells 


Phagocytosis 

Leukocyte adhesion to endothelium (via 
ICAM-1) 


Type 4 complement 
receptor (CR4 # 
p150,95, CD11CCD18) 


Integrin, with 150-kD a 
chain and 95-kD p2 
chain 


iC3b 


Mononuclear phagocytes, 
neutrophils, NK cells 


Phagocytosis, celi adhesion? 


CCPRs, complement control protein repeats; EBV, Epstein-Barr virus; FDCs, foli icular dendritic cells; ICAM-1, intercellular adhesion molecule 1. 



Biological 
fluids 



Cytoplasm 



Endosome 
Phagosome 



Ficolines 
Collectins 
(MBL, SPA, SPD) 

C1q 

Short and long 
Pentraxins 
(CRP, SAP, PTX3) 



C Activation 



Opsonization 



J 



Capturing R 
(CD14/MD2, 
Dectin-1, CD36, 
SREC, LOX-1 



Lipopeptides, OmpA, ^ 
LPS, PGN 



Lysozyme 




TABLE 45-2. Secreted proteins that enhance the efficiency of phagocytosis a 



Protein 



IgG. 


+ 


C3b, C4b 


+ 


C3bi, C4b, C3d 


+ 


Surfactant Protein A (SP-A) 


+ 


Mannan-binding protein (MBP) 


+ 


C1q 


+ 


LPS-binding protein (LBP) 


+ 


Laminin 


+ 


riDronectin 


+ 


Serum amvloid P 


+ 




} 


CRP/SAP PTX3 


Clq 



Qnsonin 




MBL 



SPA 



SP-D 



*4 



Ficolin 




Opsonization 



Microbes bind to 
phagocyte receptors 

Mac-1 
✓integrili 

Mannose 
receptor 



Scave nger 




Phagocyte 
membrane zips up 
around microbe 




Microbo ingested 
in phagosome/ 



Hi 



Phagosome Lysosome 
with ingested vwtn 
microbe enz V mes 



Acti vation of 
phagocyte 



Fusion of 
phagosome 
with lysosome 



i 



Phagolysosome 



'J 



Arginine. 




iNOS 
Citrulline 



Killing of 
microbes by 
lysosornal 
enzymes in 
phagolysosomes 



oxidase 



Killing of 
phagocytosed 
microbes by 
ROSand NO 



FIGURE 4-12 Phagocytosis and intracellular destruction of microbes. Microbes may be ingested by different membrane receptors 
of phagocytes; some directly bind microbes, and others bind opsonized microbes. (Note thol the Mac-1 integri n binds microbes opsonized with cornple- 
ment proteins, not shown.) The microbes are intemalized into phagosornes, which fuse with lysosomes to forni phagolysosomes, where the microbes 
are killod by reactive oxygen and nitrogen species and protedytic enzymes. iNOS, indubbie nitric oxide synthase; NO, nitric oxide; ROS, reactrve 
oxygen species. 




Figure 2 Cargo-stimulated signalling pathways induce 
uptake by phagocytosis. a, Fc receptors on the surface of 
macrophages are activated by immunoglobulin- 
molecules bound to a bacterium. A signalling cascade 
that involves Rac, Cdc42 and downstream kinases 
triggers actin rearrangements, protrusion of the 
membrane around the bacterium, and its engulfment into 
aphagosome.. 




Plasmalemma 




0 




JiU 



Dynamic changcs in phospholipid composition define stages of phagosomc maturatiom (a) Schematic 
illustration of the changcs in phosphoinositidc abundancc at the formmg phagosomc. Early in phagosomc 
forma tion, a transicnt incrcasc in phosphatid) r linositol-4,5-^/5phosphatc [PI(4,5)P2] occurs, followcd by its 
dcplction frorn the base of the phagosomc. Concomitandy, phosphatid)4inc«tol-3,4,5-/niphospihatc 
[PI(3 ,4,5)P3 ] increa scs and persists until after the phagosomc scals. At la ter stages in phagosomc forrnation 
(between 1 and 10 min after sealingX phosphatid) r linositol 3-phosphatc [PI(3)P] accumulatcs, becoming 
markcdly enriched in carly phagosomes. (b) Confocal fluoresccncc irnages of a RAW 264.7 macrophage 
ingesting immunoglobulin G-opsonizcd sheep red blood cclls. The image serics on the lek shows the 
distribution of PH-PLC6-GFP, a probe that spccifically deteets PI(4,5)P2. The serics on the right shows the 
accumula tion of Akt-PH-RFP, which deteets PI(},4,5)Pj, in the same cell. The arrow points to the base of 
the forming phagosomc; whcrc PI(4,5)P2 becomes depletcd whilc PI(3,4,5)P$ lcveJs remain high. Scale bar is 
> 4 i-im. Abbrcviations: GFP, green fluorcsccnt protein; PH, plcckstrin homology; PLC, phospholipasc C; 
RFP, red fluorcsccnt prò te in. 



Formed 
phagosome 





Figure 1 : Plasma membrane and receptor organization principles during phagocytosis. Membrane-associated actin skeleton (32) 
provides a scaffold that impedes the lateral diff usion of plasmalemma components (lipids and transmembrane proteins) (30). A) A f raction 
of the scavenger receptor CD36 is confined in such domains, while another is present in linear channels (dependent on microtubules 
and actomyosin cytoskeleton), allowing clustering of receptors into functional oligomers (21). B) Fc receptors present in actin-supported 
membrane protrusions probe the environment for IgG-coated particles (19). C) Following particle engagement, clustering of Fc receptors 
induces a series of intracellular remodeling processes including actin polymerization and lipid signaling and reorganization that support 
membrane pseudopod extension leading to the formation of a phagosome. Phosphorylation of phosphatidylinositol-4,5-bisphosphate 
(PI(4,5)P 2 ) by PI 3-kinase produces PI(3,4,5)P 3 which enables localized recruitment of effectors such as Rac or myosin motors. Similarly, 
the enrichment of the outer leaflet of the plasmalemma in sphingolipids is necessary to foster F-actin pseudopod accumulation (34). 



CR3 



Dectin-1 




Fig. 2. Syk plays essential rolcs in signamng evoKea 
by VcU'ious typcs of phagocytic receptors as Fcy reccptor 
(FeyR) 9 complement reccptor (GR$), Dectin-1 (NK- 
ccll reccptor -like C-typc lectin) and flnnnfnfir» noll. 
recognizing reccptor. Syk transmits sigm_ 
or ITAM-like molecules to the downstream events, which result 
in engulfment of target particles and phagosome formation. 

Pathogen such as fungus or bacterium, <fjjf^^ 



Apoptolic cell. Y Y 



ITAM-like motif. 



Batterio 




• riconoscimento del frammento Fc delle Ig che rivestono il microrganismo 

• "clustering" degli FcyR e delle catene y associate 

• fosforilazione dei residui di tirosina presenti nei motivi 
ITAM (Immunoreceptor Tyrosine Activation Motif) ad 
opera di tirosin chinasi della famiglia del Src (Hck, Fgr, 
Lyn)) 

• in seguito a fosforilazione i residui di Y dell' ITAM 
diventano siti di aggancio per Syk, una tirosin chinasi 
contenente domini SH2 



AActina-F 



ITAM 



Modulo 
di tirosina 



(Syk) Tirosina chinasi 



(P) Fosfato 



FcR o C3R 



•Fosforilazione dei substrati di Syk 




^?HirH5ulymenzafiu^^^ and 

(e.g. IgG) bound to the pathogen surface. Polymerization occurs 
following phosphorylation of receptor-associated ITAMs and 
recruitment of Syk. Actin polymerization requires multiple enzymatic 
activities ? including PI 5-kinase (PI5-K) and an array of GTPases t 
notably Rac, Cdc42 and ARF6. Other GTPases t such as Rho [27] 
and Rapi [1 44] may play a more prominent role in 
complement-receptor 3 (CR3)-mediated phagocytosis. Actin 
nucleation occurs principally through recruitment of the Arp2/3 



Activating FcyR 
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complex. Additional roles for uncapping proteins (e.g. CapG) and 
severing/uncapping proteins (e.g. gelsolin and cotilin), probably 
accelerated by either the locai enhanced production ot PIP 2 or 
dephosphorylation (of cofilin), are likely. According to this model, the 
lipid product of PI3K, Pl(3,4,5) trisphosphate, plays no direct role in 
promoting actin assembly, but rather participates in pseudopod 
extension (see text) and recruitment of unconventional myosins 
(e.g. Myosin X). Myosins assist in transducing mechanical energy 
necessary for pseudopodial dynamics. Question marks refer to 
hypothetical components of the model. 




i - " 

Celi activation 

AOCC; phagocytosis; cytokine rdease oxidative burst % 

K 

a | Crosslinking of activating Fc receptors for IgG (FcgammaRs) by immune complexes induces the 

phosphorylation of receptor-associated gamma-chains by SRC kinase family members. This 
generates SRC homology 2 (SH2) docking sites for SYK, which in turn activates a number of other 

signal-transduction molecules such as phosphoinositide 3-kinase (PI3K) and son of sevenless 
homologue (SOS). The generation of phosphatidylinositol-3,4,5-trisphosphate (Ptdlns(3,4,5)P3) 
recruits Bruton's tyrosine kinase (BTK) and phospholipase Cgamma (PLCgamma), which leads to 
activation of downstream kinases and the release of calcium from the endoplasmic reticulum (ER). 



Table 1 

Pro tei n tyrosine kinases and phosphatases implicateti in the regulation of FcyR- media ted phagocytosis 



Kinases 



SFX 



Hck 



Phagocytosis 



Hck-/-Fgr-/-Lyn-/- BMM show reduced 
phagocytosis |3032] 



!.. 

Lyn 
SR 



Negatively regulates phagocytosis in 
associate with SIR Ps-SHP-l complex |97) 
Hck-/-Fgr-/-Lyn-/- BMM show reduced 
phagocytosis [3032] 
Phosphorylate FcyRllA in vitro [25] 



Pyn 



Phosphorylate FcyRIlA in vitro |26| 



Lek 



Syk 



Pyk2/FAK 



Phosphorylate Vav [44] 

Syk-/- BMM fail to ingest IgG-coated 
particles [31.32J 

y subunit is not phosphorylated in 
Syk-/- BMM [31 ] 

Pyk2 and FAK are actìvated during 
phagocytosis |1 96.1 97] 



c-Abl 
Csk 



Phosphatases 
SHP-1 



PTP-PEST 

PTP-phi 

CD148 



Csk abolish phagocytosis signaling in a 
kinase-dependent manner |15| 



Overexpression of SHP-1 show reduced 
ph agocy tic abili ty [98]. 
SHP-1 associa tes with FcyRlla and this 
associa tion appears to sup press total 
cellular tyrosine phosphorylation [2] 
Negatively regulates phagocytosis in 
assoctation with SIRP* [97] 



Doublé deficient BMM ofCD148 and 
CD45 show reduced phagocytosis 1 1 7 j 




4 Unknown. 




% 4 

Actin polymerizatlon 

Signaling l cading to actin polymcrization during phagocytosis mediateci bv the receptor for the complcmcnt componcnt iC3b (CR3 ). 
Binding of iC3b-opsonizcd particlcs to <x\\ p2 integrins activatcs RhoA in a tyrosine kinasc-indcpcndcnt manner or, possibly, via the 
spleen tyrosine kinasc (Syk) kinase pathway, involving rccruitnient of the immunoreceptor tyrosinc-bascd activation motif (TTAM)- 
hearing DAP12 and/or Fc receptor y chain. RhoA stimulates the activity of the scrinc/threoninc kinasc Rho kinase (ROCK), which 
activates myosin II by phosphorylation of its light chain. Myosin II sccmingly partdeipates in the rccniitnicnt of Arp2/3, which nucleates 
actin polymcrization. RhoA also activatcs the actin nuclcator mDia, which is recruited to the phagocytic cup in a CLIP-170- 



■ Fungal p-glucan 



Phagocytic 
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CD148 



CD45 



CD45 




Active 
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the production of 
pro-inflammatory 
cytokines and ROS 



Figure 2 | Phagocytic synapse formation permits dectin 1 to distinguish between 
soluble and particulate p-glucans. Dectin 1 engages both particulate (3-glucans and 
soluble p-glucan polymers, but only particulate (3-glucans activate phagocytosis and 
inflammatory responses. The phosphatases CD45 and CD148 regulate signal transduction 
by the dectin 1 hemi-immunoreceptortyrosine-based activation motif (hemITAM) and 
must be isolated from the clustered receptors by the formation of a synapse to permit 
productive dectin 1 signalling. Soluble (3-glucans bind with high affinity to dectin 1 but do 
not form synapses and therefore fail to trigger dectin 1-mediated responses. PTP, protein 
tyrosine phosphatase; ROS, reactive oxygen species. 



not form syna 




Table 2 Examples of vimlence factors employed by pathogenic microbes to avoid uptake by phagocytosis 



Effectors 


Functions 


Species 


Reference(s) 


Inhibition of atrachment 


Protein A 


Binds Fc region, preventing normal interaction 
with FcyR 


Stapbylococcus aitreus 


18 


Capsule 


Prevents complement deposition 


Cryptococcus neoforniaìis, Streptococcus 
pneumomae, Escher icbia coli Kl, 
ìQebsiella pneumonia.Nehseria 
meningitidis, S. aureus, Haemopbilus 
influenza e, Treponema pallidum 




M proteins 


Prevents binding to CRs 


Streptococcus pyogtnes 


16 


YadA 


Prevents deposition of C3b 


Yersinia enterocolitica 


17 


Inhibition of signaling 


YopH 


Tyrosine phosphatase for Cas, Fyb, SKAP-HOM, 
paxillin, and FAK 


Yersinia sp. 


226 


YopE 


GAP for RhoA, Rac, and Cdc42 


Yersinia sp. 


227 


YopT 


Cysteine protease of Rho, Rac, and Cdc42 


Yersinia sp. 


228 


YpkA(YopO) 


Serine/threonine kinase af acrili, RhoA, and Rac 


Yersinia sp. 


229,230 


ExoT 


GAP for RhoA, Rac, and Cdc42 


Pseudomonas aeruginosa 


231 


ExoS 


GAP for RhoA, Rac, and Cdc42 


Pseudomonas aeruginosa 


232 


EspJ 


Inhibits FcyR- and CR3 -media ted phagocytosis 


Escherichia coli 


233 


EspB 


Inhibits myosin-actin interactions 


Escherichia coli 


234 


EspH 


Inactivates Rho GEFs 


Evherichia coli 


235 


T4SS 


Delays phagocytosis 


Helicobacter pylori 


115 


LspAl and -2 


Inhibit Src-family kinases 


Haemopbilus ducreyi 


236 


Net 


Inhibits membrane delivery to the phagosome 


HIV-1 


102 



Abbreviations: CR, complement receptor; GAP, GTPase-aetivating protein; GEF, gtLinine nucleotide exchange factor; HIV, human immunodeficiency 
vims; T4SS, type 4 secretion system 
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Figure 3 



Inhibitory signaling mediateci by the ininiunorcccptor tyrosinc-bascd inhibirion motif (ITIM) -bea ring receptor FcyRIIB. Upon 
receptor aggrega tion, the ITIM motif of FcyRIIB is monoryTosinc-phosphorylated and recruits the phosphatascs SHP and Src 
homology 2 domain-containing inositol 5'-phosphatasc (SHIP). The inositol 5-phosphatasc SHIP inhibits phosphatidylinositol 

3- kinasc (PI3K)-dcpcndcnt signaling by hydrolyzing phosphandylmositol-3,4,5-*r/.rohosphatc [PI(3,4,5)P3] into phosphatidylinositol-3, 

4- /»/yphosphatc [PI(3,4)P2]- The tyrosinc phosphatasc SHP inhibits upstream FcyR-mcdiatcd signaling at multiple levels by 
dephosphorylating the ITAA1 of stimulatory receptors, as wcll as activation sitcs on Src-family kinascs (SFKs), spleen tyrosinc kinasc 
(Syk), Vav, and/or PI3K (faded regtons). Abbrevi ations: ITAM, immunoreceptor tyrosinc-bascd activation motif, LAT, linker of 
activated T cclls. 




FIG. 24.5. Signaling by Activation and Inhibitory Fc Receptors (FcRs). A: FcyRIII signaling in naturai killer cells is shown as an example of the activation 
class of FcRs. Cross-linking by an immune complex initiates the signaling cascade. The specific Src family kinase varies, depending on the celi type. B FcR 
signaling in macrophages is shown as an example of simuttaneous triggering of activation and inhibitory FcRs. 



4 The Encounter ofthe Microbe with the Phagocytic Celi 




MATURAZIONE DEL FAGQSQMA 
Processo dinamico attraverso cui il fagosoma nascente acquisisce tutte le strutture cellulari necessarie per T eliminazione del 
patogeno. 

Comprende una serie di eventi che portano contemporaneamente alla fusione di diversi componenti del sistema endocitico e alla 
rimozione di altri componenti: 

- EARLY PHAGOSOME (pH 6.5-6.0) : ligando e recettore si dissociano ed il recettore viene riciclato sulla plasmamembrana; 
depolimerizzazione actina (mediata da aumento di Ca2+). 

- LATE PHAGOSOME (pH 5.5-6.0): identificato sulla base dell' associazione con diverse proteine, tra cui Lysosomal 
Associated Membrane Proteins (LAMPs) 

- PHAGOLYSOSOME (pH <5.0) : elevata concentrazione di proteasi 




Stages of phagosome maturarion. Upon internalizarion of particulates, the phagosome undergoes an acute transformation, creating a 
potent microbicidal and degradative organelle. The maturing phagosome iiiteracts in succession with various subcornpartments of the 
endocytic pathway to generate vacuoles with biochemically distinct properties. The recognized stages of phagosome maturarion are 
early, intermediate, late, and phagolysosomal. As the phagosome matures, it becomes increasingly acidic due to delivery of H+ imo its 
lumen via the vacuolar ATPase (V-ATPase). Furthemiore, the phagosome becomes increasingly degradative due to enrichment with 
various hydrolases and other antimicrobial proteins. Abbreviations: EEA1, early endosomal antigen l; ESCRT, endosomal sorting 
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Figure 1 1 Information processing at different stages of phagocytosis. As phagocytosis proceeds from the initial 
binding of a target to actin-dependent internalization and ultimately to degradation of the target in the phagolysosome, 
myeloid cells acquire information about the target through a variety of mechanisms. At the celi surface, receptors sample 
the chemical constituents of the particle and membrane dynamics facilitate an assessment of its physical properties. 
Additional information is gathered as the phagosome pinches off from the plasma membrane and as it matures through 
interactions with other intracellular compartments. Finally, the degradation of the target exposes ligands that were not 
previously accessible and releases ligands into the cytosol for detection by intracellular receptors. The information 
gathered by ali of these processes is integrated to shape the ensuing immune response. 



Table 2 | Bacteria have evolved mechanisms to modify the phagosome 



Bacteria 


Mode of action 


Refs 


Brucellci abortus 

LSI LA V_- V> 1 1 VA Ul/VI 


Converta the Dnano^ome info an 

V — ? Vw/ 1 1 » V_ - 1 l. J VI 1 V_- l— r 1 lUVJV/ JV/I 1 1 V_- Il 1 IV U 1 1 

autophagosome or ER-like vesicle 


156,157 


ChlQTTW/diQ SDD 

* Iti VA III? VA 1 VA — ■ V./ V-/ a 


Form inclusions that are enriched in 

1 X-/ 1 1 1 1 III \—- V* VA —J 1 1 1 VII VA V V4 1 V_- V— • III 1 V— 1 1 V— III 

sphingomyelin 


158,159 


X^X/.'AlV lllA l/MI 1 IL III 


Converta nhanosome into a hvbrid 

v-/ 1 i v v_- 1 i — > yj i ■ v.i V-J \j ili v_- mi iv/ \-4 i iv * — ' i i \_i 

autophagosome-RAB7-positive 
phagosome 


160 161 


Cryprococcus neo/ormans 


r— . | a 1 1 f 1 • • Ili 

rhagosome is extruded trom living cells by 
an unknown mechanism 


162,163 


Helicobacter pylori 


Sequesters RAB7 to block delivery of 
proteases 


164,165 


Legionella pneumophila 


Converts phagosome into rough ER 


120-122 


Leishmania spp. 


Inhibits phagosome maturation 


166,167 


Ms/cobncterium sdd 


Rlock flt thp R ARS-no^itive ^tfloe 


168 


Sa/monella spp. 


Blocks maturation at the RAB5-positive 
phagosome, potentially by influencing 
kad/ tunction 


166,169 


Toxop/asma spp. 


Phagosome has characteristics of host 
membrane (non-receptor-mediated 
uptake) 


164,165 


ER, endoplasmi reticulum. 







Table 3 Representatìve human pathogens and the biochemìcal properties of pathogen-containing phagosom* 



Strategy 



Altered phagosome 



maturano n 



Pliagosome lysis 



Organism 



Mycobacterium 
tuberadosis 



Biirkbolderia 
ceìiocepacia 



Coxiella bttrnetti 



Histoplasma capsulatum 



Leisbmania donovani 
and L. major 



Listeria monocytogenes 



Shigella flexneri 



Mechanisms of survival and phagosome properties 



Phagosome is mildly acidic and conrinuously interacts with 
recycling endosomes hearing the TfR that provide the bacteria 
with iron 

M. tiiberadosis-contaìiùng phagosomes are Rab5 positive but 
devoid ofPI(3)P and EEA1 



Maturation arrest is mediated by die expression of numerous 
effector proteins (e.g., SapM and PknG) and lipids (e.g., 
lipoarabinomannan) 



Delav maturation of their vacuole 



B. cenocepacia-comaimng phagosomes acquire early markers [i.e., 
Rab5, PI(3)P, and EEA1], but Rab7 activation and phagosome 
acidification are perturbed 



LAMP proteins are evenmally acquired, indicating lysosomal 
fusion 



Require the expression of unknown bacterial effectors secreted 
through type IV and/or type VI secretion systems 



Internalized C. Immetti transit through Rab5- and Rab7-positive 
compartments 

Ultima tely reside within an acidic lysosome-like compartment 
Bacteria-containing vacuole acquires markers of autophagy (e.g., 

LC3), indicating intersection with autophagosomes, ostensibly 

for nutrient acquisition 



Evade formation of late phagosomes and phagolysosome fusion 
Perturb V-ATPase aerivi tv, blocking acidification, which 

prevents vesicular fusion and the acquisition of lysosomal 

markers (i.e., LAMP-2) 



Leisbmania spp. impair phagosome maturation by blocking the 

fusion of late endosomes and lysosomes 
The blockade in maturation requires the expression of a unique 

surface glycolipid, LPG 
F-actin accumularion around the parasite- containing phagosome 

also occurs in an LPG-dependent manner, ostensibly to forni a 

cage that blocks fusion of late endosomes and lysosomes 



Express a pore-forming toxin, LLO, that in conjunction with 
various lipases solubilizes the limiting membrane of the 
phagosome 

Maturation of the phagosome is rapidly prevented by 
LLO-dependent pore formation and perturbation of luminal 
H + and Ca 2+ concentrations 



Lyses phagosomes in which they resides, entering the cytosol and 

disseminating via actin-based motility 
Phagosome escape requires the function of the Mxi-Spa type IQ 

secretion system and the secreted effector proteins IpaB, IpaC, 

and IpaD 
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Fig. 4.5 Antiphagocytic strategies available to microorganisms. Extent to which 
strategies are actually used by microorganisms are indicateci by plusses. 
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FIG. 19.9. Interaction of Selected Intracellular Pathogens with the Phagocytic Pathway. Mycobacterium tuberculosis evades destruction by subverting 
normal phagolysosome maturation. a: Phagocytosis of M. tuberculosis occurs via the complement pathway (although it may not require direct binding 
of complement to the bacterium) and is characterized by (b) "sinking" phagocytosis (ie, very little fìlopodia formation or actin polymerization). c: The 
M. tuberculosis-conXa'ìrimq vacuoles contain markers of the early and late endosomes such as Rab5 and Nrampl but are devoid of most lysosomal markers, 
including the lysosome-associated membrane proteins, and do not undergo normal acidification. It has been proposed that the colocalization of some but 
not the normal allotment of endosomal markers can be explained bythe concept of "kiss and run"fusion. This implies that the early and late endosomes may 
have transient contact with the M. tuberculosis-conla\ri\nq vacuoles, and there may be a selective transfer of markers rather than a complete fusion. The 
high pH of the M. tuberculosis-conìammq vacuole (pH 6.2) does not allow optimum loading of major histocompatibility complex (MHC) class II molecules, and 
thus they remain loaded with nonmycobacterial peptides. Elevated pH also inhibits production of inducible nitric oxide synthase, which is required for killing. 
In the presence of interferon (IFN)-^ normal acidification may be restored, resulting in destruction of the pathogen. 140 (continued) 
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FIG 19.9. (continuati) B M. ft/fiercutasàs-containing phagosomes are targeted to the autophagy pattiway on treatment with IFN?r IFN/treatment can both 
restare the normal process of acidification and alter the expression of a number of endoplasmic reticulum proteins. the result of which is the targeting of 
M. tubai cui 'osi f s-containing phagosomes to the autophagosomes. The fusion between the M. fu&arci/tosr s-c onta ining phagosomes and lysosomes results in an 
autolysosome with lowpH that destroys M. tubero ulosis and results in M. tubero ulosis peptides being presented vìa MHC class II.' 4 ' C Legione/la pnaumophila 
survtves intrac ellularly by subverting phagosome maturation at an early stage, a: The recognition and uptake of L pnaumophila are not well characterized. 
but phagoeysis occurs via a "spirai* mechanism. b: Once inside the celi, L pnaumophila uses a specialized secretion system |ie. Dot/lem secretion system) to 
scerete proteins directly into the cytosol. These proteins alter the morphology of the vacuolo in a number of ways. for example, by actively recruiting vesicles 
in transrt from the endoplastic reticulum to the Golgi apparatus and inhibiting the fusion of lysosomes. c: The L pneumophUa-corttammg vacuolo thus has many 
similarities to the Golgi apparatus and endoplastic reticulum, and is neh in peptides, the primary carbon source for L. pnaumophila. tcontinued) 



CHAPTER 19 MACROPHAGES AND PHAGOCYTOSIS 
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FIG. 19.9 (contnuod) D Macrophages enhance autophagy in responso to L pneumophila. A consequence of rosiding in a vacuole that so ciosely resem- 
btes the endoplastic retìculum is that it is subject to autophagy. L pnoumophUa-contaminQ phagosomes fuse wth lysosomes. resetting in destruction of 
the pathogen and antigen presentato. Factors secreted from L pneumophila cause macrophages to increase the number of autophagosomes, atthough 
autophagosornes containing L pneumophila mature more slowty. and thus it ts believed that the bacterìa encode factors to delay normal progression. 



Table 4.1. Showing types of interference with phagocytic activitics 



Microorganism* Type of interference b 



Mechanism (or responsible Factor ) 



Streptococcus 
pyogencs 



Staphylococci 



Bacillus 
anthracis 



Hacrnophilus 
influenzae 

Strepococcus 
pneitmoniae 

Klebsiella 
pneumoniae 



Pscudomonas 
acruginosa 



Kill phagocyte Streptolysin induccs lysosomal 

discharge into celi cytoplasm 

Inhibit Dolvmoroh chemotaxia fitrentolvsin 

Resist phagocy tosis M substance on fìmbriae; 



R555C dige8tion 



hyaluronic acid capsule 



Kill phagocyte 

Inhibit opsonised phagocy tosis 



Leucocidin induces lysosomal 
discharge into celi cytoplnsm 

Protein A blocks Fc portion oT Ab; 
polysaccharide capsule in nome 
strains 



Resist killing 



Celi wall peptidoglycan; production 
of catalase? 



Kill phagocyte 
Resist killing 



Toxic complex 

Capsular polyglutamic acid 







Kesist phagocytosis (unless 

Ab present) 
Resist digestion 


Polysaccharide capsule 







Kill phagocyte 



Exotoxin A kills macrophagrs; 
also cell-bound leucocidin, mol. 
wt. 27 500 



Resist phagocytosis (unless 
Ab present) 



Resist digestion 



'Surface slimc' (polysaccharide) 



Eschcrichia coli 



Kesist phagocytosis (unless 

Ab present) 
Kesist Kimng 



U antìgen (sniooth strains) 

K antigen (acid polysaccharide) 

iv antìgen 



Microorganism" 


Type of inlerference 1 ' 


Mechanism (or responsible Factor) 


Sai monella 
tyfwi 


Resist phagocytosis (unless 
Ah presentì 


Vi antigen 






Kcsist killing 






Clost riditi m 


Inhibit chemotaxis 


0 toxin 




perfringens 


Resist phagocytosis 


Capsule 




Cryptococcus 
ncoformans 


Kcsist phagocytosis 


l'oiysaccharidc capsule (polvmer 
containing uronic acid) 


Treponema 
pai n un m 


Resist phagocytosis 


Polysaccharide capsular material 








Yersinia pestis 


Resist killing 


Celi wall componente 


Mycobacteria 


Resist killing and digestion 
Inhibit lysosomal fusion 


Celi wall componcnt 
Unknown 


lini celi a 
abortii* 


Resist killing 


Celi wall substnnee 




Toxoplasma 
gondii 


Inhibit attachment to 

polymorph 
Inhibit lysosomal fusion 


Unknown 
Unknown 




Planmodium 
berghei 


Resist phagocytosis 


Capsular material 





n Oflcn il is only tlie virulent st faina tbat show the type of inierferonco Kftted. 

h Rometimes the type of interference listed has been described only in n particular typo of phagocyte 
(polymorph or macrophage) from a particular host, but it gencrally bcars a rclat ionship lo pnf hngmicity 
in that host. 



Tablc 4 Hcrkablc human discascs and thcir associateci innate immune defeets 



Discasc 


Etiology 


Innate immune dcfcct(s) 


Ched i ak-Higashi 
syndromc 


Mutation of the LSTTgenc; it encodes 
a p roteili tnvolvcd in vcsicular trafile 


Poor granulc tusion with phagosomes, 
causing irnpaired bactcrial clcarancc 


Glycogcn storace discasc 


Gene tic lcsions affcctinij* 
ghicosc-6-phosphatc production 


Rccurrcnt infcction due to irnpaired 
microbi cidal fonction of neutrophils and 

mi rrnnn-i rrr»<: 

llluLl UUllul^t) 

Irnpaired Ca 2+ mobilizarian 


Wiskott-Aldrich 
sindrome 


Mutations affectxng WASP exprcssion 
WASP functions as a scaffolding 

r»TY^t"^»Tn Tf*c\ ili T"f»rl fnr i r*t~i n 

rearrangement 


Phagocytcs dcrnonstratc severe dcfccts in 
rnany cellular proecsses, includimi celi 
nugraoon ana pnagocyuDM 


Hcrmansky-Pu di ak 
syndromc type 2 


Mutation of the gene ADTBIA coding 
for the (3 subunit ot the AP3 complex 


Susccptibility to infcction due to altercd 
ves icul ar/ protc in tran sport 




AP3 is required for vcsiclc formarion 
and protein trafficking from the 
frvww-Golgi network 


Charactcrized by incrcascd CD63 
exprcssion on the plasma membrane and 
redueed protein (c.g., clastasc) delivery to 
neutrophil granules and phagosomes 


Chronic granulomatous 
discasc 


Mutations atfecting gencs encoding 
subunits of the NOX2 NADPH 
oxidase 


Susccptibiiity to infcction by numcrous 
bactcrial ami rungal pathogens 
ROS production by phagocytcs is irnpaired 



Abbrevia tions AP, 3 ctivator protein; ROS, reattive oxygtn spccies, WASP, Wiskott-Aldrich syndromc protein. 
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Fig. 5. Cartoon shows stages of phagocytic ingestion and selected functional responses of macrophages. Macrosialin (FA.11) is a pan-macrophage endost 

glycoprotein that serves as an excellent marker of phagosome formation and membrane remodelling. For a recent discussion of phagocytosis, see ref. 16. 
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Figure 2. — Responses of macrophages to apoptotic cells that may participate in resolution of inflammation. 
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FIGURE 1 | Macrophage phenotype conversions induced by 
efferocytosis. A monocyte that infiltrateci an inflamed tissue differentiates to 
a macrophage and adopts an MUike phenotype previous to encounter with 
apoptotic PMNs (A). Once it encounters apoptotic PMN and starts to engulf 
them (early efferocytosis), the macrophage switches to an M2-like phenotype 
that is anti-inflammatory, highly efferocytic, and involved in tissue repair and 
return to homeostasis, but can also promote fibrosis and scar formation (B). 
As the engulfment of apoptotic PMN by the macrophage continues and 
reaches a threshold level determined by the resolving milieu 
(satiating-efferocytosis) the macrophage undergoes another switch to the 
Mres phenotype (C).These macrophages reduce the expression of 
pro-fibrotic arginase-1 and display reduced phagocytosis of extracellular 
particle including apoptotic cells. Consequently, rapid Mres departure of the 



resolving tissue and emigration to remote sites takes place. At these target 
organs Mres macrophages presumably produce 12/15-LO-derived 
pro-resolving lipid mediators, and deliver homeostatic signals to antigen 
presenting cells and lymphocytes. Moreover, Mres that stay in the resolving 
tissue might express higher levels of anti-inflammatory, anti-fibrotic, and 
anti-oxidant proteins to limit tissue damage and fibrosis. 12/15-LO-derived 
lipid mediators probably also contribute to the anti-inflammatory and 
anti-fibrotic properties of Mres in the resolving tissue. Early and 
satiating-efferocytosis can be modulated by pro-resolving and 
anti-inflammatory mediators, such as lipoxins, resolvins, protectins, maresin, 
GC, IL-4,TGFp, IL-10, and PPARy ligands (D).This modulation can enhance the 
immune-silencing and departure of Mres to the lymphatics, where they can 
contribute to the termination of acquired immune responses. 
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At the earliest stages of apoptosis, dying cells release factors that are termed 'find-me' signals that facilitate the recruitment of 
phagocytes. Although the lipid lysophosphatidylcholine (LPC) is one potential find-me signal, it is likely that multiple find-me 
signals work together to recruit phagocytes and allow for the prompt clearance of apoptotic cells. b | The apoptotic cells also 
begin to express 'eat-me' signals on their surfaces, which are in turn recognized by phagocyte-cell-surface receptors. Only 
some of the known ligands and receptors involved are shown. Phosphatidylserine (PtdSer) is a key ligand and is thought to 
exist in 'patches' on apoptotic cells. PtdSer can also be bound by soluble bridging molecules such as milk fat globule EGF 
factor 8 protein (MFGE8) or growth-arrest-specific 6 (GAS6), which in turn can be recognized by the phagocyte receptors 
alphavbeta3-integrin and MER, respectively. BAH, brain angiogenesis inhibitor 1; ICAM3, intercellular adhesion molecule 3; 
oxLDL, oxidized low-density lipoprotein; TIM4, T-cell immunoglobulin domain and mucin domain 4 
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Figure 2. Molecules implicated in the 
binding and phagocytosis of ACs by 
phagocytes are sfaown on thks cartoon of 
a "superphagocyte" and schema tic AC. 

02GPI-R. 02-gI>coprotcin I receptor, 
ARCAI, ATP-binding cassette transporter 
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asialoglycop rotei n receptor, BAI-1. brain- 
spccifìc angiogencsis ìnhibitor 1; CRT, 
calrcticulin; dCDSl, dìsablcd CDS1; MFG t 
milk-fat globulc EGF-8; OxlJs, oxidizcd 
LDUikc site; OxPL, oxidizcd phospho» 
liptd: SHPS-i. Src homology 2 domai n-bcar- 
ing protri n tyrosinc phosphatasc sub- 
suatc-1; TBS. TSP-binding site; Tim 13.1, I 
celi Ig and mucin domai n-containing mole- 
cule 1, S, or 4. Adapted from ref [20]. 
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Figure 1 . Stage* of apoptotìc celi engulfment and associateci celi signaling events that regulate each stage. The four stages of apoptotic celi clearance 
are shown, with some of the specific key signaling players identified. The "fìnd-me" step occurs when apoptotic cells release soluble chemoattractants that 
promote chemotaxis of phagocytes via correspondìng receptors on the phagocyte. The broken line from LPC to G2A indicate* uncertainty of direct ligand— 
receptor interaction. The "eat-me" stage is characterized by the appearance of lìgands on the surface of the dying celi that mark it as a target to be engulfed 
by phagocytes bearing appropriate DAMP or PtdSer recognitìon receptors. The "engulfmenf stage occurs when signaling downstream of the apoptotic celi 
recognition receptors stìmulates Rac-dependent cytoskeletal rearrangement and formation of the phagocytic cup around the target and subsequent internak 
ization. Once fully internalìzed, the celi corpse undergoes "processing" through the phagolysosomal pathway that results in the degradation and reprocessing 
of the dead celi material. DAMP, damage-associated molecular patterns; LPC, lysophosphatidylcholine; MBL, mannose-binding lectin; PS, phosphatidylserine. 
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Box 2 | The consequences of apoptotic celi removal 



There are several consequences associated with the internalization of apoptotic celi 
corpses. These consequences fall into three general classes that might also be affected 
by signalling from the phagosome. 

First, the removal of apoptotic cells has been linked to the enhanced secretion of 
'pro-healing' cytokines (such as transforming growth factor-p 10 and interleukin-10 
(REF. 1 39)) that serve to reduce inflammation in the extr acellular surroundings and to 
promote wound healing. The signalling pathways that alter cytokine secretion are not 
well charactei ized, but many phagocytic receptors (for example, stabilin-2 (REF 1 40) 
and CD36 (REF 1 39)) have been implicated. Intr iguingly, endothelial cells have been 
reported to induce pro-inflammatory signalling (increased secretion of tumour- 
necrosis factor-a) following recognition of apoptotic cells 141 ; this signalling has 
implications for atherosclerotic disease. 

Second, phagocytes must also dispose of internalized components of the apoptotic 
cell. Few studies have tracked the fate of apoptotic celi components, but two i ecent 
studies have addressed signalling pathways that lead to cholesterol efflux from the celi 
and suggest that internalization of apoptotic cells (or targets) activates the nuclear 
receptor LXR. LXR activation results in enhanced transcription of the transporter 
proteinABCAl (REFS 103,142). 

Third, protein components of the celi are degraded and cross-presented by major 
histocompatibility complex (MHC) class I molecules 11143 and tend to be excluded from 
class II presentation 97 . Processing of apoptotic cell-associated antigens seems to be 
especially impor tant, and has been linked to the maintenance of self-tolerance 1219144 . 
Potential pathways for DNA degr adation have been described in the nematode 145-147 
and mouse models 17 ; defects in this process, as with defects in celi corpse removal, 
have been linked to autoimmune disease, emphasizing that efficient phagosome 
maturation is required for health of the organisrn. 
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Figure 4 

From inflammation to homeostasis: neutrophil apoptosis and lipid mediator class switching in the resolution of inflammation. At the 
site of infection, resident macrophages initiate an infiammato^ response, secreting proinflammatory cytokines and chemokines that 
alert the immune system and promote neutrophil recruitment. In the early stages of inflammation, microbes trigger the production of 
proinflammatory lipid mediators, such as leukotrienes and prostaglandins, which also recruit neutrophils. As inflammation progresses, a 
switch occurs, and anti-infl anima tory lipid mediators such as lipoxins, resolvins, and protectins are produced. Notably, interaction of 
neutrophils with platelets induces the production of lipoxins. Anti-inflammatory lipid mediators initiate the resolution of inflammation 
by blocking neutrophil and promoting monocyte recruitment. Monocytes differentiated into macrophages ingest apoptotic neutrophils, 
driving the production of the anti-inflammatory cytokines tumor growth factor (TGF)-|3 and IL-10 and prostaglandin-E2 (PGE-2), 
which drive the lipid mediator class switch. Proresolving lipid mediators also promote the expression of CCR5 on the surface of 
apoptotic neutrophils, providing a means of scavenging chemokines. Chemokine clearance upon phagocytosis of apoptotic neutrophils 
by macrophages further contributes to the reduction of neutrophil infiltration and the return to tissue homeostasis. The contribution of 
macrophages to the clearance of NETotic neutrophils, and how this could impact inflammation resolution, is currently unknown. A 
timeline of the inflammation process from initiation to resolution is summarized in the upper part of the figure. 
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■ Figura 13.2 - Cellule dell'immunità innota, pattern recognition receptors (PRR) e pathogen associate molecular 
patterns (PAMP). Le cellule dell'immunità innata riconoscono i patogeni tramite "pattern recognition receptors". Il 
riconoscimento da parte delle cellule dell'immunità innata (macrofagi, Mo; cellule dendritiche, DC; leucociti 
polimorfonucleati, PMN) dei patogeni grazie ai pattern recognition receptors (PRR). 

I PRR riconoscono pattern associated molecular patterns (PAMP), portate da strutture molecolari diverse. I 
recettori non sono distribuiti in modo clonale, essi sono cioè espressi contemporaneamente da più cellule, e 
ciascuno di esse di regola riconosce molecole diverse. Il riconoscimento porta all'attivazione di meccanismi 
microbicidi, alla messa in movimento della cascata delle citochine infiammatorie, nonché all'attivazione e 
orientamento dell'immunità specifica o adattativa. 



